In this work, we present a detailed study on GaN:Gd layers doped in situ with the Gd concentration ranging from 7×10 15 cm -3 3×10 17 cm -3 using photoconductivity, photothermoelectric power, photoluminescence and vibrating sample magnetometry techniques. Our study shows that Gd incorporation produces large number of defects in the layer, which results in a broad distribution of defect states centered at 450 meV above the valence band. It has been found that multiple types of defects are formed in the layer during the Gd incorporation. However, the density of only one defect type, which results in a strong luminescence feature at 3.05 eV in the photoluminescence spectra recorded at low temperatures in GaN:Gd layers, has been found to decrease significantly upon annealing and at the same time, the saturation magnetization is also observed to reduce, suggesting that these defects are responsible for the magnetic properties observed in this system.
Introduction
Incorporation of magnetic impurity to achieve high temperature ferromagnetism in a semiconductor, which is a necessity for the realization of semiconductor spintronics, is one of the active areas of interest in physics of the last decade. A large volume of research in this area has produced many interesting results. One such example is Gadolinium (Gd)-doped GaN, which has recently attracted a lot of attention due to its intriguing magnetic properties. The material has been found to exhibit ferromagnetism far above room temperature even with a doping concentration as low as 10 15 cm 3 and not only that, the effective magnetic moment per Gd-ion is estimated to be several orders of magnitude larger than the nominal magnetic moment (7 B ) of a Gd 3+ ion [1, 2, 3] .
Similar effects has been reported for weakly Eu doped GaN, Tm-doped (Al,Ga)N as well Gdimplanted GaN and AlN layers [4, 5] . Interestingly, it has been found that the effective magnetic moment (p eff ) is larger in implanted samples compared to the GaN:Gd layers doped in situ [2] . Furthermore, Khaderbad et al. has reported a reduction of the saturation magnetization of the implanted samples upon annealing [6] . These findings strongly suggest that native point defects play an important role for the ferromagnetism in this materials system. Different theoretical studies have attributed this magnetic property to different types of defects, such as Ga-vacancy [7, 8] , N-interstitials, and O-interstitials [9] . So far, however, there has been no direct evidence for the presence of these defects in GaN:Gd epitaxialers doped in situ.
In this paper, we have shown by variety of experimental techniques that a high concentration of acceptor-like defects, vastly exceeding that of Gd concentration (N Gd ), is formed in GaN during Gd incorporation in reactive molecular beam epitaxy. The defect concentration increases with increasing Gd concentration.
Experimental
GaN layers with a Gd concentration ranging from 7 10 15 to 3 10 17 cm -3 were grown directly on 6H-SiC(0001) substrates by NH 3 molecular beam epitaxy (MBE). Details about the growth, structural and the magnetic characterizations of these samples are given in Ref. 1 . Here, we have investigated three samples. These samples belong to the same batch as used in Ref.1 and therefore we have kept their name unchanged.
Photoconductivity and photo-therrmoelectric power spectroscopy on these layers were conducted using a Keithley 6487 picoammeter-voltage source, a Müller Xenon light source and an Acton SpectraPro TM 2150i monochromator. Indium soldering was used for making electrical contacts with the samples, which is found to result in a good ohmic I-V characteristic. Special care was taken to cover the Indium contacts in order to avoid photo-injection of carriers from the metal to the semiconductor side. In photo-thermoelectric power spectroscopy, the thermoelectric current is measured as a function of the photon energy, while a constant temperature gradient between the contacts is maintained throughout the measurement. Thermally stimulated current spectroscopy (TSC) was performed in liquid nitrogen cooled (78K) cryostat. The sample was exposed for 30 min. in white light at 80 K to fill all the traps. The sample temperature was then increased at a constant rate while the current was recorded as a function of the temperature.
Magnetization measurements at 300 K were performed in a Quantum Design physical property measurement setup using a vibrating sample magnetometer. The magnetization loops were recorded at 300 K for magnetic fields between 50 kOe with the field applied parallel to the sample surface, i.e., perpendicular to the c axis. All data presented here were corrected for the diamagnetic background of the substrate. Photoluminescence spectra was taken at 10 K in a closed cycle He refrigerator using a He-Cd 325 nm cw laser source for excitation and a 0.5 m monochromator attached with a peltier cooled CCD camera for recording. Parts of these samples were rapid thermally annealed in flowing N 2 gas in several steps up to 800 C. In every step, the sample was annealed for 30 sec. ) and sample R (reference GaN). GaN band gap is also marked in the figure. The photoconductivity as a function of the photon energy represents the density-of-state distribution of defect/impurity levels in the forbidden gap. For the reference sample, we only observe an exponentially decaying signal (the Urbach tail) into the band gap. In the case of sample D, an additional broad feature appears at an energy E T 450 meV below the band edge [12] . This additional feature has also been found in other two Gd doped samples investigated here. This pronounced band is unlikely to be due to Gd alone, given its isoelectronic nature on substitutional sites and its very low concentration (particularly in sample A, where N Gd is only 7×10 15 cm -3
). Rather, we believe this feature to be related to a native point defect with a concentration vastly exceeding that of Gd. It has to be noted that the photoconductivity for all samples takes several seconds to reach saturation after the exposure. The data shown in this figure are recorded with a sufficiently long exposure time so that the saturation is ensured at every photon energy point [12] . Ph remains to be negative throughout the entire range of photon energy studied here, which indicates that the transport is dominated by the electrons in the entire range [10, 13] . The spectrum is featured by a broad peak near to the band edge and a shoulder (indicated by an arrow) at around 3 eV. Inset of the figure shows the variation of the voltage measured between the hot and the cold ends as a function of the temperature gradient ( T) when the sample is either kept in dark or illuminated with photons of energy 3 eV. In both the cases the thermoelectric emf versus T curve shows a negative slope indicating electrons to be the dominant carrier type. The slope, however, is less in the case of dark as compared to the case of illumination, which clearly shows that the number of electrons in the conduction band is increased when the sample is illuminated with photons of energy 3 eV. The shoulder part is shown in an expanded scale for clarity in Fig. 2(b) . Since it appears energetically at the same position as that of the defect band observed in photoconductivity experiments, it can be attributed to the same defect band. Appearance of this feature in the negative direction must be due to the photo-generation of electrons from the defect band to the conduction band, which furthermore means that the defect band is located around 3 eV away from the conduction band [13] . Similarly, we can also argue that the broad peak appearing near to the band edge must be resulting from the defect levels located at the edge of the valance band (the tail states of the valance band). The transition processes are schematically shown in Fig.  2(c) . As the photon energy crosses the band edge, the density of photo-generated electrons approaches to that of the holes which results in a sharp decrease of Ph (as shown in Fig 2(a) ). Since the electron mobility is more than that of the holes, Ph remains to be negative for above band gap excitations.
In Fig. 1, we (1) where Ph ' is the photoconductivity for a complete absorption of light by the layer. Here, the above band gap saturation value of the photoconductivity can be treated as
The photoconductivity profiles for all the samples are fitted with Eq. (1) at the band edge for g E . The fitted curve is then extrapolated to the lower energies and subtracted from the photoconductivity spectrum to obtain the photocondu Phd ) profile resulting only due to the defect band to the conduction band transition processes.
Phd as a function of the photon energy, which represents the distribution of the defect density of states (DOS) in the forbidden gap, are shown for the reference sample and the sample D. A broad defect band, which is centred at 2.95 eV, is clearly visible for the sample D. While, the band is absent for the reference sample. It is noteworthy that similar defect band is also observed in sample A and B [13] . The area under the profile, that represents the density of defects, increases as the concentration of Gd increases in the layer.
The defect density is estimated using the relation
Where A is the area under the curve, G * is the photoconductivity gain, which has been considered to be 1 assuming that the corresponding defect states are fully depopulated when exposed to light. Figure 4 compares the TSC spectra recorded with a heating rate of 0.3K/sec for the reference and the sample B. In case of the Gd doped sample (sample B) a broad feature, which peaks at ~ 110 K, is clearly visible, while the feature is absent for the reference sample. It should be mentioned that similar TSC feature is also found in all Gd doped samples investigated here. The energetic position associated with the peak is estimated to be ~ 190 meV using the following relationship [14] 4 ln m m T kT E (3) where T m is the peak temperature and is the heating rate. Note that the TSC feature is appearing at a lower energetic position with respect to the band edge as compared to the broad defect feature observed in photoconductivity (Fig. 1) . This may implies that only a part of the broad defect band is visible in TSC. In case of sample D (N Gd ~3×10  17 cm   -3 ), the BLB is featured by three main peaks, which are labeled as X 1 (3.05 eV), X 2 (3.15 eV), and X 3 (3.22 eV) in the figure. When examined closely, the feature X 1 is found to be consisting of three peaks, which are appearing at 3.0, 3.05, and 3.09 eV. This feature, with a similar fine structure, can also be found in the PL spectrum recorded for sample B (N Gd ~2×10 16 cm -3
Thermally stimulated current spectroscopy
). It has to be noted that the intensity of the peak X 1 , which is detected in all of our GaN:Gd layers but not observed in any of our undoped GaN samples, is found to increase with the Gd concentration. In fact the overall intensity of the BLB has been found to increase with the Gd concentration, evidencing that the defects, which are responsible for the emergence of BLB, are generated during the Gd incorporation in the GaN matrix [16] . ). The spectra are featured by a near band edge transition appearing at ~ 3.4 eV (not shown here) and a broad luminescence band (BLB) centered at ~ 3.1 eV. For sample R, the BLB can be attributed to the donor-acceptor pair (DAP) transition (3.27 eV) and its higher order phonon replica (marked in the figure), which are commonly observed in low temperature PL measurements for GaN epitaxial films [15] . However, the energetic positions and the relative intensities of the peaks appearing within the BLB for Gd doped GaN samples do not suggest that their origins are the same as that for the reference sample (sample R). ~ 3×10 17 cm -3 ) after annealing the sample at different temperatures. The spectra are normalized with respect to the peak intensity associated with the band edge transition. The intensity of the peak X1 sharply decreases with the annealing temperature, while the intensity of the peak X 2 and X 3 hardly varies. The inset of the figure shows the room temperature magnetization loops recorded for the same sample after different annealing steps. Clearly, the saturation magnetization (Ms) decreases with the annealing temperature (T a ). Finally, at 800 C, Ms drops below the detection limit. It should be mentioned that similar results have indeed been observed for all of our Gddoped GaN layers. Since, the BLB observed in PL and the broad defect band observed in photoconductivity for all of our GaN:Gd layers are found to be centered approximately at the same energy position (3.1 eV), their origin is likely to be the same. The results of figure 5 furthermore suggest that the BLB is originating from more than one defect type. It is evident from figure 6 that the feature X 1 , which is located at the low energy side of the band, is significantly suppressed as compared to the rest of the BLB upon annealing. However, the most striking result here is of the suppression of the intensity of the X 1 peak and a simultaneous reduction of the saturation magnetization with the increase of the annealing temperature ( fig. 6 ). This finding strongly indicates that the magnetic properties found in our Gd doped GaN samples are resulting from the defects which are associated with the PL feature X 1 [16] . It is noteworthy that a sharp feature (Y 8 line) is sometime reported almost at the same energetic position as that of X 1 in low temperature PL studies for GaN layers [17] . However, those defects have not yet been identified.
Conclusion
In conclusion, our study showed that the more than one types of defects are generated as a result of the incorporation of the Gd ions in the GaN matrix. However, the defect type, which results in a strong luminescence feature (peak X 1 ) appearing at 3.05 eV in the PL spectra recorded at low temperatures for Gd doped GaN samples, is attributed to the magnetic properties found in this material system because the intensity associated with this peak is found to decrease upon annealing and at the same time, the saturation magnetization is also observed to decrease. However, the exact nature of this defect type is yet to be known.
